A series of incremental loading oedometer tests were conducted on pure clays and sand-clay mixtures with various sand/clay ratios and clay mineral compositions. The void indexes I v and I vH were introduced respectively to evaluate their intrinsic compressibility. Test results revealed that I v was more suitable for depicting the compression behavior of pure clays than I vH ; whereas, for the compressibility of sand-clay mixture, the normalized compression line by using I v was obviously different from that of pure clays and traditional soils due to the presence of sand particles. Therefore, a four-phase analysis framework of sand-clay mixture was introduced to unify the intrinsic compression behavior of soils with and without sands.
Introduction
Many studies have been carried out to evaluate the compression behavior of natural sedimentary soils (Houston and Mitchell 1969; Hight et al. 1987; Burland, 1990; Cotecchia and Chandler 2000) . It has been widely recognized that the compressibility of natural soils is clearly different from that of reconstituted soils owing to the soil structure effect. A notable concept allowing evaluating the difference between them is the Intrinsic Compression Line (ICL) and Sediment compression line (SCL) proposed by Burland (1990) . Table 1 shows the ICL equations. Based on these concepts, the analysis framework has been widely established to evaluate the compressibility between natural and reconstituted soils.
Although that ICL has been confirmed by many researchers (Cotecchia and Chandler 2000; Hong et al. 2010) , it is still a scientific issue when the clay mineral compositions, special soils and regional clays are involved. Cerato and Lutenegger (2004) pointed out that the compression behavior of 35 natural samples and 18 artificial clays with different mineral compositions diverged when pressures are lower than 100 kPa, converged at approximately 100 kPa, and diverged again beyond 100 kPa. Horpibulsuk et al. (2011) compared the compressibility of remolded Bangkok clay, kaolin as well as bentonite, and suggested that the ICL proposed by Burland (1990) was only applicable for the non-to low swelling clays (Bangkok clay and kaolin), but not for bentonite. Thereafter, a generalized intrinsic compression equation
was proposed (shown in Table 1 ) for all clay types (both non-and high-swelling) by Horpibulsuk et al. (2011) . However, Tiwari and Ajmera (2012) conducted oedometer D r a f t 6 tests on 55 different soils prepared with various proportions of montmorillonite, illite, kaolinite, and quartz at initial moisture contents equal to the liquid limit, and found that there was still a unique line similar to Burland (1990) for most of the mixtures.
The above research results suggest that there is a paradoxical finding on the normalized compression line of the remolded clays. Hence, further investigations of the normalized line identifying the influencing factors, e.g. clay minerals and fractions, is helpful for understanding the internal mechanism of different findings.
On the other hand, for most natural sedimentary soils including residual soils and clinosols etc., variations in the depositional material, environment and history often lead to complex and changeable fractions (i.e. clay, silt, sand and gravel fraction) and mineral compositions (i.e. abundant primary and secondary minerals). These special soils with multi-fractions and multi-minerals can also be produced by human activities like artificial land reclamation by the hydraulic filling method (Wu et al. 2015 (Wu et al. , 2016 . Although there have been some investigations on the compressibility and percolation behaviors for this kind of soils (Fukue et al. 1986; Boutin et al. 2011; Watabe et al. 2011; Tripathi and Viswanadham, 2012) , quantitative evaluation to integrate them into the traditional soils is necessary for the purpose of engineering practice.
To achieve the above two objectives, in this study the pure clays (i.e. hereinafter, traditional clays almost without sand or coarse fraction) and sand-clay mixtures with various sand/clay ratios and clay mineral compositions were artificially designed, and a series of stepwise oedometer tests were conducted. Based on the experimental D r a f t results, the investigation on the ICL of pure clays considering the effect of mineral compositions and fractions was first carried out, and the applicability of ICL proposed by Burland (1990) and Horpibulsuk et al. (2011) respectively was re-examined.
Afterwards, quantitative evaluation method of sand-clay mixtures' compressibility was further discussed, and the main reason of the normalized compression behavior deviation from that of pure clays was attempted to figure out. Finally, the four-phase analysis framework was introduced to unify the intrinsic compression behavior of the mixtures and traditional clays.
Materials and methods

Materials
The studied materials are composed of the standard sand, commercial kaolin and bentonite. Their particle-size distribution curves (shown in Fig. 1 ) following ASTM D422 (2007) suggest that the kaolin and bentonite both compose of fine gradation (i.e.
clay and silt fraction). The basic physical indexes of kaolin and bentonite are listed in Table 2 . It can be observed that bentonite has a higher liquid limit (LL), plastic limit (PL), plasticity index (PI), specific surface area (SSA) and pH value. According to the Unified Soil Classification System (ASTM, 2010a), the kaolin and bentonite belong to the low-plasticity clay (CL) and high-plasticity clay (CH), respectively. Note that the main clay mineral of kaolin and bentonite is kaolinite and montmorillonite respectively, which is also the main mineral of traditional clays. Hereby the mixture of the kaolin and bentonite is adopted to simulate the traditional pure clays without sand fraction. The standard sand was applied to adjust the coarse fraction within the D r a f t 8 soils.
Methods
Pure clays (traditional clays almost without sand or coarse fraction) were prepared by mixing bentonite and kaolin. Three dry mass ratios of bentonite to kaolin (i.e. B/K ratio later) were preset as 9/1, 7/3 and 5/5. The sand fractions (i.e. w s in Eq.9)
in sand-clay mixture were controlled as 0%, 30%, 40% and 50%, defined by Eq. 
where m s and m c are the dry mass of sand and clay, respectively. Note that the dry mass ratios of bentonite to kaolin, and sand fractions were artificially designed according to a site investigation in the land reclamation project by the hydraulic filling method at Ganyu Port in Lianyungang city, China (Deng et al. 2016) .
During the samples preparation, a predetermined mass of sand and air-dried clays were thoroughly mixed using a paddle mixer. The basic indexes of the mixtures are presented in Table 3 , where the liquid limit (LL) was measured following ASTM D4318 (2010b), the specific gravity (G sc ) of clay and sand (G ss ) were determined following ASTM D854 (2010c), and the specific gravity (G sm ) of mixtures was calculated by the weighted average method.
After dry mixing, distilled water was added until the water content reached the LL, obeying the studied water content range (1.0LL-1.5LL) of ICL analysis framework by Burland (1990). The stirring process was then applied to further homogenize the mixtures. Afterwards, the wetting sand-clay pastes were injected into the consolidation rings (61.8 mm in diameter and 20 mm in height) and tapped to D r a f t 9 minimize entrapped air bubbles in the specimens. The prepared samples were then vacuumed in distilled water for 24 h to achieve full saturation. Note that the inside of ring was previously lubricated with silicon grease to minimize boundary friction.
Stepwise oedometer tests were conducted following ASTM D2435 (2011). The first applied load was 12.5 kPa and the subsequent load was doubled for each step until a maximum value of 1600 kPa. Note that since the pressure of 1000 kPa was not applied in this study, the void ratio at this pressure (e 1000 ) was calculated by the interpolation method recommended by Hong et al.(2010) and C c (i.e. e 100 -e 1000 ) by linear slope of the e-log σ' v curve.
Results and discussions
Compressibility behavior of pure clays linearly decreases with the vertical stress for a given mineral composition. For instance, the void ratio (e) with B/K ratio of 9/1 reduces from 6.85 to 1.95 when vertical effective stress increases from 12.5 kPa to 1600 kPa. Moreover, the composition of clay minerals significantly affects the void ratio (e) of pure clays, that
is, e increases with the mass ratio of bentonite to kaolin. at the threshold value; thereafter, the void ratio decreasing rate obviously slows down.
The normalized analysis framework proposed by Burland (1990) is also introduced to evaluate the compressibility of sand-clay mixtures (in Fig. 6 ). It shows obviously the inapplicability of the I v analysis framework for the compressibility evaluation of sand-clay mixtures, since the normalized curve is re-fitted by the multi-order curve as Eq. (10):
On the other hand, if the dual linear fitting model is adopted, the compression behavior of sand-clay mixtures is of two different slopes, i.e. before and after a vertical effective stress, the I v -log σv' curve has an obvious turning.
To further investigate the mechanism of the compressibility difference of the traditional pure clays and sand-clay mixtures, the relationship between e 100 , C c and e L of sand-clay mixtures is depicted in Fig. 7 . It is observed that the e 100 meets well the line proposed by Burland (1990) , but C c is deviated from that of pure clays, locating below that proposed by Burland (1990) , and the reduction percentage defined as (e 100 *-e 100 )/e 100 at the e L ranges from 17% to 25%. The deviation and reduction of C c is probably one of the reasons for the inapplicability of the I v analysis framework.
In fact, the sand-clay mixtures are composed of incompressible sand particle and compressible "pure clay", while during the analysis of the compressibility behavior, the incompressible sand particles are usually homogenized and equivalent to the compressible clay matrix. For the traditional clays with less sands, the errors caused by this assumption can be ignored, on the contrary, for the sand-clay mixtures, this error is unbearable resulting in the above different normalized compression behavior comparing with that of pure clays. Note that these different behaviors between pure clays and sand-clay mixtures shown in Fig. 2, Fig. 5, Fig. 6 and Fig. 7 are probably related to the sand particle participation (Deng et al. 2016) .
To understand the mechanism of sand contribution the compression behavior, and to unify the behavior of the pure clays and sand-clay mixtures, further investigation D r a f t 12 needs to be performed.
Unified intrinsic compression line
As mentioned above, the difference may be caused by the intervention of incompressible sand particles. To clarify the difference between the soils with and without sands, a four-phase analysis frame (shown in Fig. 8 , Dixon et al. 1985; Lee et al. 1999; Wang et al. 2013 
where ρ dc is the dry density of clays; ρ m is the dry density of the sand-clay mixture and ρ w is water density, respectively; G ss is the specific gravity of sand, G sc is the specific gravity of clay in the mixture; w c is the clay content (in dry mass) and w m is the water content of mixture. Note that in case of pure clays, V s (or m ss ) of sand is close to zero, the e c shown in Eq. (12) is the same as the total void ratio e.
With the oedemeter results in Fig. 5 and e c calculated by Eq. (12), the compression curve only considering the compressible clay matrix is depicted in Fig.   9 . It shows that the compression curves with a same B/K ratio aresimilar to those in Fig. 5 ; furthermore, the mixtures with high bentonite content show more porosity.
After double-comparing the curves of pure clays without sands, it is also found that the part of the compression curve with a same B/K ratio at a low vertical effective D r a f t 13 stress is also closer, while that at high stress was more difficult to be compressed.
This finding makes it possible to unify the intrinsic compression behavior of pure clays and sand-clay mixtures.
Based on the introduced e c and the essence of compressibility in the mixtures (i.e. clay's consolidation), the void index I v proposed by Burland (1990) can be updated by Eq. (13): 
where I vc is the updated clay void index of clays; e c is the clay void ratio; e c100 is the e c at 100 kPa and C cc is the compression index before bifurcation shown in Fig. 10 respectively. Note that for the traditional clays without sands, e c100 and C cc are equal to the e 100 and C c proposed by Burland (1990) . Furthermore, if the traditional clays with less sands, e c100 and C cc are slightly more than e 100 and C c according to the four-phase analysis frame in Fig. 8 . Note that C c was defined as e 100 -e 1000 in Burland definition for the most remolded traditional clays since there existed a linear compressibility in the e-log σv' coordinate. Thereafter C c was defined as e 100 -e 1000 to log (1000/100) equal to 1.0, but in this case of sand-clay mixtures, the compression curve is bifurcated and less compressibility is observed at the higher vertical stress.
This finding suggested that the C c (equal to e 100 -e 1000 ) definition by Burland (1990) was not suitable; hence the essence of C cc in Fig. 10 was redefined. references. Note that the data of sand-clay mixtures located slightly above the extended normalized lines (relationships between C c *, e 100 * and e L ) because the sand content of the soils from Burland (1990) was not listed, resulting in underestimation of e c100 and C cc when data were directly referred. Despite that, the overall fitting between e c100 , C cc and e cL is satisfied well in Fig. 11 . proposed by Burland (1990) . These observations shown in Fig. 11 and Fig. 12 confirm that the compression behaviors of soils with sand can be unified with traditional clays when the four-phase frame is adopted at the less vertical stress (about 200 kPa in this case). On the other hand, when the vertical stress is higher than 200 kPa, the compression behavior deviates from the pure clays and is of less compressibility, which is probably related to the sand-skeleton formation. When the sand-skeleton is not formed, the sand particles are isolated in the mixtures. It means that the stress working on the clay matrix is equal to the total vertical stress in the oedometer test. On the contrary, when the sand-skeleton is formed as clusters, the sand particles bear more stress, and thus less stress is probably applied on the clay matrix. With Fig. 11, Fig. 12 , it could be deduced that the formation of sand-skeleton changed the internal stress distribution. In other words, the compression behavior of sand-clay mixtures can be integrated into that of traditional pure clays in view of clay void ratio before the skeleton formation. Tables   Table 1 ICLby Burland (1990) and by Horpibulsuket al. (2011) Table 2 Properties of bentonite and kaolin used in this study Table 3 Properties of sand-clay mixture
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